A large-scale assay was performed by transfecting 29,910 individual cDNA clones derived from human placenta, fetus, and normal liver tissues into human hepatoma cells and 22,926 cDNA clones into mouse NIH 3T3 cells. Based on the results of colony formation in hepatoma cells and foci formation in NIH 3T3 cells, 3,806 cDNA species (8,237 clones) were found to possess the ability of either stimulating or inhibiting cell growth. Among them, 2,836 (6,958 clones) were known genes, 372 (384 clones) were previously unrecognized genes, and 598 (895 clones) were unigenes of uncharacterized structure and function. A comprehensive analysis of the genes and the potential mechanisms for their involvement in the regulation of cell growth is provided. The genes were classified into four categories: I, genes related to the basic cellular mechanism for growth and survival; II, genes related to the cellular microenvironment; III, genes related to host-cell systemic regulation; and IV, genes of miscellaneous function. The extensive growth-regulatory activity of genes with such highly diversified functions suggests that cancer may be related to multiple levels of cellular and systemic controls. The present assay provides a direct genomewide functional screening method. It offers a better understanding of the basic machinery of oncogenesis, including previously undescribed systemic regulatory mechanisms, and also provides a tool for gene discovery with potential clinical applications.
I
n the last decade, rapid progress in human genome research and advancements in technology have made important contributions to cancer genetics and to the identification of genes involved in carcinogenesis and cancer progression (1, 2) . Based on sequencing and gene annotation at the genome scale, Ͼ30,000 genes have been described (3) . Transcription profiling of cancers carried out by cDNA array (4, 5) and serial analysis of gene expression (SAGE) (6, 7) surveys also have provided extensive information on genes related to cancer. These commonly used technologies in cancer genomics have detected many changes in gene transcription and expression, but they are unable to identify those genes that are functionally relevant for cancer development, particularly genes involved in cancer cell growth. For example, the gene expression profile in cancer could identify genes differentially expressed, but these genes may include (i) genes directly participating in the regulation of cell proliferation and growth or (ii) genes merely existing for the specific function of particular parent tissues or organs, with no relation to cell growth.
Based on the above-mentioned concerns, we initiated a largescale screening approach at the genomic level to search for genes directly related to cell proliferation and survival based on cDNA transfection into cancer cells and NIH 3T3 mouse fibroblasts. The large-scale screening has examined Ϸ30,000 cDNA clones, selected from the 150,000 clones from human liver, placenta, and fetal tissues after removal of redundant species. Clones that showed substantial inhibitory or stimulatory effects on the colony-formation rate of cancer cells and transforming activity in NIH 3T3 cells were selected. These cDNA clones were sequenced and analyzed for their identity.
The present study is based on large-scale cDNA transfection and provides a direct genome-wide functional screening method. It offers a broad and comprehensive database on genes that may affect cancer formation and progression, including aspects of systemic regulation that have not been recognized previously. This work also provides a tool for the search of additional target genes that may become valuable in clinical applications.
Materials and Methods
Cell Lines and Culture. SMMC7721 is a human hepatocellular carcinoma cell line, established in 1977 (a gift from the Shanghai Second University of Military Medicine). NIH 3T3 is a mouse embryonic fibroblast cell line obtained from American Type Culture Collection. Both cells were cultured in DMEM supplemented with 10% calf serum (GIBCO͞BRL).
Construction of cDNA Libraries. Three separate cDNA libraries were constructed with mRNAs isolated from normal human liver, placenta, and fetal tissues. The human liver tissue was from a healthy individual who had died in an accident. The tissue was obtained according to consent regulations of the Chinese government. Placenta and fetal tissues were collected in accord with government regulations by the Hospital of Obstetrics and Gynecology (Shanghai Medical College, Fudan University, Shanghai, People's Republic of China). Fetal tissues were collected from an aborted fetus at the gestation age of 24 weeks in a case requiring termination of pregnancy because of maternal health conditions (primary hypertension). All sample collections were under consensus agreements, and the procedures were approved by the Ethical Review Committee of the World Health Organization Collaborating Center for Research in Human Reproduction. Further details regarding the construction of cDNA libraries can be found in Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Plating and Selection of cDNA Clones. It is important to select cDNA clones with relatively low abundance from the cDNA library before transfection. We developed a ''negative selection'' method designated as ''plating and self-hybridization'' to choose clones with a low hybridization signal after plating the cDNA This paper was submitted directly (Track II) to the PNAS office.
Data deposition: The sequences reported in this paper have been deposited in the GenBank database (accession nos. can be found in Tables 6 -9 , which are published as supporting information on the PNAS web site).
clones on an agarose disk and hybridization with [␣-32 P]dCTPlabeled total cDNAs from the relevant library. For a more detailed description, see Supporting Materials and Methods.
cDNA Transfection Assay. DNA was prepared from each cDNA clone after incubation in 2 ml of LB medium at 37°C overnight and purified by using the 96-well Qiagen (Valencia, CA) apparatus according to the manufacturer's protocol. It then was dissolved in 50 l of TE buffer (10 mM Tris͞1 mM EDTA, pH 8.0) and quantified by UV absorbance measurement. Before transfection, 100 ng of DNA (for three wells) was precipitated in 70% ethanol. The pellet was air-dried and dissolved in 6 l of sterile, deionized water.
DNA transfections were performed in 96-well plates (GIBCO͞ BRL). Into each well, 2 ϫ 10 3 SMMC7721 cells were seeded and grown at 37°C until reaching 60-70% confluence. For each triplet of transfection, the DNA (100 ng in 6 l) was mixed with 0.74 l of Lipofectamine reagent (GIBCO͞BRL) and 3.3 l of serum-free DMEM and kept at room temperature for 15 min. The mixture then was diluted with 150 l of serum-free DMEM. Fifty microliters of aliquot was added into each cell-culture well in triplicate. DNA per well was Ϸ33 ng in 50 l of medium (0.66 g͞ml). Three to four hours later, another 50 l of DMEM with 20% calf serum was added, and the cells were incubated at 37°C for 24 h. On day 2, the medium was replaced with fresh DMEM containing 10% calf serum and G418 (GIBCO͞BRL), and the medium was replaced afterward every 2-3 days. The concentration of G418 was maintained between 300 and 1,000 g͞ml for SMMC7721 and 200 and 500 g͞ml for NIH 3T3 cells.
Measurement of Colony Formation of SMMC7721 Cells and Focus
Formation of NIH 3T3 Cells. Because the pCMV-Script vector contains the neo gene encoding G418 resistance, DNA transfection of the vector itself into cancer cells resulted in a number of colonies formed in the presence of G418. cDNA clones that had growthsuppressing or -stimulatory effects showed a decrease or increase in the number of colonies formed, respectively, compared with the pCMV-Script empty vector control. In each 96-well plate of SMMC7721 cells, both pCMV-Script empty vector and pCMVScript-p53 were added in triplicate as controls. Because pCMVScript-p53 transfection usually reduced the colony formation rate of hepatoma cells to 0 to Ϸ10% as compared with that of pCMVScript empty vector transfection, we used pCMV-Script empty vector and pCMV-Script-p53 as controls in each 96-well plate.
In NIH 3T3 cells, transfection of the pCMV-Script empty vector alone resulted in focus formation attributed to spontaneous transformation. Transfections with the pCMV-Script vector control and with a vector containing the protooncogene JCL-1͞bacillus Calmette-Guérin 1 served as references (8, 9) for zero and positive signals, respectively, in each 96-well plate.
In all of the transfection experiments, the colonies formed by SMMC7721 hepatoma cells and the foci formed by NIH 3T3 cells were counted under the microscope (ϫ100). The mean values of each triplicate determination were calculated. The colonyformation rate was calculated as (no. of colonies by test cDNA Ϫ no. of colonies by vector)͞no. of colonies by vector ϫ 100%, and the rate of focus formation was calculated as (no. of foci by test cDNA Ϫ no. of foci by vector DNA)͞no. of foci by vector DNA ϫ 100%. As a control, the p53 transfection in SMMC7721 cells showed a consistent inhibitory effect of Ϫ82 to Ϫ100% (Ϫ97 Ϯ 2.7%, n ϭ 140) on colony formation, and JCL-1͞bacillus CalmetteGuérin 1 gave a stimulatory effect of ϩ50 to ϩ693% (252 Ϯ 129%, n ϭ 119) on focus formation in NIH 3T3 cells. Based on these data, when the rate of a test cDNA was less than or equal to Ϫ50% or more than or equal to ϩ50%, we considered the cDNA clone as inhibitory or stimulatory for cell growth, respectively. Only these clones were selected for sequence analysis for further evaluation.
Sequencing of cDNA Clones. cDNA clones were sequenced by using the ABI BigDye Terminator chemistry and dGTP BigDye Terminator Kit v2 (Applied Biosystems) on an ABI PRISM 377 DNA sequencer and an ABI PRISM 3700 DNA analyzer (Applied Biosystems) with custom-designed primers. The sequencing was carried out by Shanghai GeneCore Biotechnologies (Shanghai, People's Republic of China).
Bioinformatics Analysis. Sequences of cDNAs were analyzed by using the programs DNASIS (Hitachi Software, Tokyo), VECTOR NTI (Invitrogen), and ORF FINDER (available at www.ncbi.nlm.nih.gov/ gorf/gorf.html). Homology and identity analysis were performed with the WISCONSIN software package (GCG, Accelrys, San Diego), DATAEXTENDED (Accelrys), and BLAST (National Center for Biotechnology Information).
Results and Discussion
Overall Features of Large-Scale cDNA Transfection Screening. Three cDNA libraries were constructed in a eukaryotic expression vector pCMV-Script XR from normal human liver, placenta, and mixed fetal tissues. Overall, we plated 150,000 cDNA clones with sizes Ͼ2 kb and selected 30,000 cDNA clones with relatively low abundance as judged by self-hybridization. Transfection assays were performed with 29,910 individual cDNA clones into SMMC7721 human hepatoma cells and 22,926 clones into mouse NIH 3T3 cells, each in triplicate on 96-well plates. We found 8,237 clones that have either stimulatory or inhibitory effects on the growth of SMMC7721 cells, NIH 3T3 cells, or both. Among these, we identified 3,806 unique gene identities. In summary, 2,836 known genes (6,958 clones), 372 previously unrecognized genes (384 clones), and 598 uncharacterized unigenes (895 clones) were selected by our assay ( Table 1 ). The percentage of unigenes that had a stimulatory or inhibitory effect on both or either SMMC7721 or NIH 3T3 cells is shown in Fig. 1 , which is published as supporting information on the PNAS web site.
From the above data, 2,836 known genes had definitive effects on cell growth. Some were known for their roles in cancer development, but others had never been reported to be related to cancer or cell growth (Tables 2-6 ). The various functional groups of genes and their possible mechanisms of action suggest that cancer growth is a highly complex process and may be governed by multiple hierarchical levels of cellular and systemic regulation.
Based on the possible regulatory mechanism of cell growth and survival, we classified the various gene groups into the following four categories: I, genes related to the basic cellular machineries for survival and growth; II, genes related to the microenvironment; III, genes related to host-cell systemic regulation; and IV, genes of miscellaneous function.
Category I: Genes Related to Basic Cellular Machineries for Survival
and Growth. Category I ( Table 2 ) includes genes that are closely related to basic cellular machineries. This group is broadly defined, containing genes that code for regulators of the cell cycle and of apoptosis, gene expression at multiple levels, protein transportation and degradation, DNA replication and repair (10), acetylation, and methylation (11), as well as protooncogenes and tumor suppressors. Some of the genes reported here have not been linked previously to cancer development and progression. But the fact that they all had specific effects on cell growth in single-gene transfections suggests that cellular mechanisms for cancer development and progression are much more complex than commonly accepted.
Category II: Genes Related to Microenvironment. In addition to genes coding for proteins of basic cellular machineries, we also identified several groups of genes coding for proteins involved in cell-cell and cell-matrix interactions. Category II (Table 3) contains cell surface and membrane proteins, glycosylation-related proteins, matrix-cell adhesion and cytoskeleton-related proteins, proteases, and proteins related to angiogenesis or vasculogenic mimicry (12) (13) (14) . Cancer tissues are not simple ensembles of cancer cells. Instead, they are composed of cancer cells packaged in a defined, complex matrix structure along with other cells including fibroblasts, vascular cells, and various types of immune cells. These cells with their interactions and communications provide a microenvironment for cancer cells. We therefore defined the genes functioning in cell-cell interactions as microenvironment-related genes. These genes affect the growth, progression, and behavior of cancer cells (15) .
Category III: Genes Related to Host-Cell Interaction and Systemic
Regulation. In category III (Table 4) , we listed the following groups of genes: genes related to the host responses to environment, nutrition, and redox activities (16) ; genes involved in the immune response, such as cytokine͞chemokine receptors; other genes related to systemic responses, including ion channels (17, 18) , transporters, neurotransmitter, and small-molecule receptors; and the circadian rhythm-related genes, such as PER1 and CLOCK (19, 20) . The finding of these genes with definitive effects in cancer cell proliferation is extraordinary, indicating that although cells react to conditions of the host system in many delicate ways, such conditions also can affect growth behavior profoundly. The corresponding genes represent the molecular basis for the systemic host-dependent regulation of cells from different tissues or organs. Disruption of such host-cell homeostasis may induce abnormalities in individual cell growth.
Category IV: Genes of Uncharacterized Functions Related to Cell
Growth. In the miscellaneous group, category IV (Table 5) , there were a number of genes with functions that are not yet well characterized. They include some cancer-related proteins and RNA genes, i.e., proteins related to leukemia, Wilms tumor (21), and colon and small-cell lung cancer (22) ; the H19 RNA gene (23) (regulated by p53); development-related genes; transcripts from repeated DNA sequences (LINE 1 and SINE-R11) and transposon-related genes; virus-related proteins; RNA helicases and RNA-binding proteins; and other proteins. Because the functions of these genes are not well characterized, their specific roles in cell growth must await additional investigations.
Previously Unrecognized Genes and Unclassified Unigenes. In this report, we also identified 372 previously unrecognized genes with full-length sequences acting as suppressors or stimulators of cell growth in cDNA transfection (see Table 7 ). The sequences of these previously unrecognized genes have been deposited in the GenBank database. The molecular mechanisms of several previously unrecognized genes, such as BNIPL (24) (25) (26) , LASS2 (27) , and HCCS1 (28) (a gene previously isolated from chromosome 17p13.3 by positional cloning), that inhibited or stimulated cell growth have been elucidated by our laboratory. These results provide additional support for the feasibility and reliability of the transfection screening. The functional characterization of the remaining previously unrecognized genes is under way. In addition to the 372 genes with full-length sequences, we also obtained 598 previously unrecognized unigenes by the cDNA transfection assay (Table 8) . Because the full-length genes of these sequences have not been characterized and nothing is known about their function, we designated them as unclassified. Further analysis of these sequences is needed.
The Effects of cDNA Clones with Full-Length or Partial Gene Se-
quences. An important concern in using cDNA libraries is the intactness of the cDNA insert. In constructing the cDNA libraries, we used agarose gel electrophoresis to select cDNAs with a size Ͼ2.0 kb. Also, we used self-hybridization to reduce the prevalence of highly abundant clones. Retrospective sequencing indicated that Ϸ42% of all clones (6,958) from known genes were full-length cDNAs. Among them, 1,465 of 2,836 (51.7%) known unigenes were full-length cDNAs and 1,371 of 2,836 (48.3%) were partial sequences, including 3Ј UTR sequences (175 of 2,836, 6.17%). To examine the problem of partial vs. complete cDNA sequences, we selected 25 known genes of which both complete and partial sequences were found to have specific effects on cell growth. A detailed analysis of the similarities and differences between complete and partial sequences is given in Table 9 . Clones with incomplete 5Ј ends either behaved the same as full-length clones or gave effects opposite to those seen with full-length parent cDNA, i.e., reversed stimulatory to inhibitory action or vice versa. In either case, such clones could be selected by the present assay. The transfection results with partial cDNAs probably depend on the domains that remain intact in the expressed protein. If the essential domains remain intact, the effect would be similar to that of the full-length molecule. If only some domains are retained, the truncated protein could compete with parent molecules or other proteins, resulting in an opposite effect. Similar results have been reported by Chu et al. (29) in their study of a cDNA library in retroviral vectors screening for genes that activate T cells. They also found dominant negative effects of many partial cDNA sequences (29) . Partial sequences that give rise to gene products lacking essential domains may fail to score in the transfection assay. Thus, a negative reading from a truncated sequence cannot exclude involvement of the full-length gene in cell growth. For example, we have detected p53, BRCA2, BRCA1-associated protein 1 (BAP1), BRCA1-associated protein (BRAP), MEN-1, and NF2 as tumor suppressors, but we failed to detect BRCA1 or RB and its related genes. Recently, a paper by Ota et al. (30) described the complete sequencing and characterization of 21,243 full-length human cDNAs. Further studies with these full-length cDNAs will enable a complete functional analysis of the genes involved.
General Consideration of Large-Scale cDNA Transfection as a Func-
tional Genomic Screening Assay. The present cDNA screening system is a cell-proliferation and growth-based assay. It therefore provides direct information about individual cDNA clones regardless of whether the sequence is known or previously unrecognized. The known sequences inform us about the types of genes that are involved in cell proliferation and growth, cancer formation and progression, and possibly invasion and metastasis. Our findings establish the critical role of systemic regulation, mediated by such proteins as neurotransmitter receptors, ion channels, and small-molecule receptors in growth regulation. Large-scale transfection is a valuable tool for functional genomics. It can be extended to a search for diagnostic markers, therapeutic genes and polypeptides, and target genes for drug discovery. All categories and subgroups were classified according to gene function described in literature and information from Gene Ontology. For Tables 2-5 , the total number of unigenes is 2,836, and the total number of clones is 6,958. All categories and subgroups were classified according to gene function described in literature and information from Gene Ontology. For Tables 2-5 , the total number of unigenes is 2,836, and the total number of clones is 6,958.
In our assays, the number of cDNA clones for transfection was small, considering that the whole genome comprises Ͼ30,000 genes and gives rise to a far greater number of protein isoforms. Representation of genes could be biased by the sources of the cDNA libraries. We used libraries from fetus, placenta, and liver because they offer the most complex mRNA populations. However, if only the mutated version of a gene affects cell growth (e.g., ras), it would not score in our assay (31, 32) .
The large number and wide variety of genes that affect cell growth is striking. We performed a genome-scale screen for genes related to cell growth and cancer development and progression by using a functional assay, which to our knowledge has not been performed previously. In a related study, a cDNA library expressed by a retroviral vector was transfected into T cells to search for genes affecting activation (29) . As a method of functional genomics (33), large-scale transfection linked to functional screening is applicable to a wide variety of cells in a search for genes related to specific functions (34, 35) .
Conclusions
The present assay, based on large-scale cDNA transfection, has provided a direct genome-wide functional screening method to offer a comprehensive database on genes that affect cell growth and are related to cancer formation or progression. The involvement of genes with highly diversified functions suggests that cell growth may be a much more complex process than previously recognized and may be related to multiple levels of hierarchical regulation, including the cellular basic machineries, microenvironment, and host-cell homeostasis. Of particular interest is the systemic regulation; it includes ion channels, small-molecule transporters and receptors, and some neurotransmitter receptors that have not previously been connected to cell growth. The present assay provides an important tool in the search for genes of potential clinical relevance, such as diagnostic markers and drug targets. All categories and subgroups were classified according to gene function described in literature and information from Gene Ontology. For Tables 2-5 , the total number of unigenes is 2,836, and the total number of clones is 6,958. 
